Microcins are gene-encoded antibacterial peptides of low molecular mass (<10 kDa), produced by Enterobactericeae. They are produced and secreted under conditions of limited essential nutrients and are active against related species. Bacterial strains under starvation conditions can produce and release microcins that can kill microcin-sensitive cells and therefore have more nutrients for survival. The outermembrane protein OmpF and FhuA TonB-dependent pathways facilitate the internalization of the MccB17 and MccJ25 microcins into the target cell respectively. The inner-membrane protein SbmA transports the microcins through the inner membrane to the cytoplasmic face. Inside the cell, MccB17 targets DNA gyrase, whereas MccJ25 inhibits the bacterial RNA polymerase.
Introduction
Bacteria have developed defence mechanisms for colonization and survival under conditions of nutrient exhaustion, usually iron. Bacteria usually acquire iron in the form of siderophore chelators that are taken up by the outer-membrane iron receptors FhuA, FepA, FecA and Cir [1] . Bacteria produce ribosomally synthesized antimicrobials, termed microcins [2, 3] , to exploit these receptors of sensitive cells that are involved in iron uptake. Many microcins are produced as linear precursors and require enzymes to post-translationally modify them in order to become biologically active. These modifications can result in the introduction of heterocycles such as thiazole rings, MccB17 [4] , or lasso structure, MccJ25 [5, 6] . Microcins have potent antibacterial activity against closely related species.
The MccB17 and MccJ25 microcins are structurally unrelated, but both use membrane proteins for internalization; MccB17 crosses the outer membrane using the porin OmpF, whereas MccJ25 uses the ferrichrome receptor FhuA. They both utilize a common inner membrane transporter to cross the inner membrane despite their structural differences. The present mini-review discusses the process of internalization of these two very different microcins.
The microcin MccJ25 is a plasmid-encoded ribosomally synthesized antibacterial peptide consisting of 21 amino acids. Four genes are required for the biosynthesis of MccJ25, mcjABCD [7, 8] : mcjA encodes the linear 58-amino-acid precursor of MccJ25 that is ribosomally synthesized, mcjB and mcjC encode proteins involved in the post-translational modification of McjA to the lasso structure [9] , and mcjD encodes an ABC (ATP-binding-cassette) transporter that is required for both MccJ25 secretion and self-immunity. Since the genes are under the same operon, production and export from the cell is very efficient and prevents toxic levels of MccJ25 from building up. The tertiary structure of MccJ25 has been elucidated and shows a unique lasso structure [5, 6] (Figure 1A ). The β-hairpin structure comprised two β-strands and a β-turn that is involved in antibiotic uptake. This unique structure provides exceptional stability to proteolysis and can withstand high temperatures without losing activity [5] . MccJ25 cyclization results from the linkage between the N-terminal Gly 1 amino group and the Glu 8 side-chain carboxylate, leading to a small ring. MccJ25 has a positively charged His 5 in the lariat ring and a negatively charged Gly 21 at the C-terminus of the molecule that is important for MccJ25 activity [10] . MccJ25 inhibits the bacterial RNA polymerase [11, 12] by binding to the secondary channel [13] . A mutagenesis study of the MccJ25 sequence has identified that residues in the lariat ring and threaded tail are important for interaction with the RNA polymerase [14] . Modifications in the length of the loop or tail displayed different antibacterial activities [15] . MccJ25 disrupts the membrane potential of Salmonella enterica serovar Newport leading to reduced oxygen consumption. Escherichia coli cells that harbour FhuA-expressing plasmid uptake higher amounts of MccJ25 and also inhibited oxygen consumption which led to increased concentration of ROS (reactive oxygen species) and damage to the respiratory chain [16] .
The microcin MccB17 is a 43-amino-acid ribosomally synthesized post-translationally modified peptide. Biosynthesis of MccB17 requires seven genes, mcbABCDEFG [4] . mcbA encodes a 69-amino-acid precursor that is posttranslationally modified by McbBCD. The 26-amino-acid leader sequence is cleaved by the TldE and TldD proteins [17] . The mature MccB17 contains four oxazole and four thiazole rings [4, 18] ( Figure 1B ) that are derived from the modification of six glycine residues, four serine residues and four cysteine residues. mcbEF encode an ABC transporter that is required for immunity and export of the mature microcin from the producing bacteria. There is no structural information of MccB17. Inside the cell, MccB17 targets DNA gyrase [19, 20] . To probe the mechanism of action of MccB17, mutation of two asparagine residues to aspartic acid resulted in non-toxic microcin [20] . MccB17 variants that contain single cycles also show reduced activity [21] . The mode of binding is unclear, but MccB17 possibly interacts with hydrophobic regions of gyrase [20] .
The MccB17 and MccJ25 microcins inhibit cytoplasmic proteins and need to be internalized by the target bacterium. The microcins need to cross two membranes and they are internalized by hijacking membrane proteins in both the outer and inner membrane.
MccJ25 and FhuA
The uptake of MccJ25 into the target cell is facilitated by the outer-membrane receptor FhuA-dependent TonB pathway [22] . FhuA is an iron-siderophore receptor and the TonBExbB-ExbD inner-membrane complex energizes it. FhuA is also capable of transporting antibiotics and bacteriophages, and can bind colicins. Identification of FhuA as the MccJ25 receptor was found by naturally resistant Salmonella strains [23, 24] . MccJ25-insensitive mutants of fhuA, exbB, exbD and sbmA from E. coli have also been isolated [22, 25] [26] . Ile 13 of MccJ25 has been shown to be essential for recognition by FhuA [10] and an I13K mutation showed increased resistance to MccJ25 in competition assays with colicin M [27] .
FhuA is a 22-stranded β-barrel with an N-terminal domain folded inside the barrel forming the plug or cork domain [28, 29] (Figure 2 ). The plug domain contains mixed four-stranded β-sheets connected by a series of short β-strands, α-helices and unstructured secondary elements. The N-terminus of the plug domain contains the TonB-box, conserved 7-amino-acid sequences, important for interaction with the soluble domain of the TonB protein. To date there is no structural information of FhuA bound to a microcin, but the structure of FhuA in the presence of siderophore [28] (Figure 2 ) and the antibiotics albomycin [30] and rifamycin [31] has identified the binding site for ligands. The ferrichrome makes contact with the plug domain and the interior of the FhuA barrel, but there are no conformational or structural changes in the plug domain upon ligand binding. The extracellular loops have been shown to be important for the recognition and binding of ligands [32] . FhuA uses the protonmotive force from the inner membrane through the TonB-ExbB-ExbD complex to transport its substrates. The structure of FhuA in the presence of the TonB extracellular domain did not show any significant movement of the plug domain [33] . The mechanism of the plug movement in FhuA is still unknown. The large binding pocket of FhuA can accommodate MccJ25 for internalization, but the plug domain will have to go through major conformational changes in order to allow transport of MccJ25. 
MccB17 and OmpF
Entry of MccB17 inside the cell is through the major general porin OmpF [34] ; knockout studies of ompF and its regulator ompR show reduced sensitivity to MccB17. The other major porin, OmpC, is capable of partially replacing the OmpF function in MccB17 internalization [34] . The OmpF porin forms a trimeric concave-shape-like channel in the outer membrane and consists of a 16-stranded β-barrel, which spans the entire outer membrane [35] (Figure 3A) . The pore is restricted by one long loop (L3) that folds into the channel interior and forms the constriction zone ( Figure 3B ). The constriction zone has a transverse electrostatic field formed by acidic amino acids from L3 and basic residues from the interior of the barrel wall; this zone possibly determines the selection and conductivity properties of the pore [36] . The OmpF porin is termed a general porin since it does not have substrate specificity; the channel is water-filled and it only allows passage of hydrophilic solutes on the basis of the substrate molecular size [36] . The size of the MccB17 microcin allows it to be internalized by the OmpF porin. OmpF mediates internalization of the intrinsically unstructured translocation domain of the colicins ColE3 and ColE9. The structures of OmpF with these colicin domains [37, 38] provide a good model for how these general porins can facilitate the transport of polypeptides.
Role of SbmA in microcin transport
MccB17 acts on DNA gyrase and MccJ25 on RNA polymerase proteins that are located in the cytoplasmic face of Gram-negative bacteria. The inner membrane protein SbmA has been found to be responsible for internalization of these microcins from the periplasmic to the cytoplasmic face. To date, there is no structural or functional information on the SbmA protein. SbmA is an inner-membrane protein that consists of 406 amino acids with eight transmembrane helices according to hydropathy plots. It has distant homology with some putative ABC-type transporters even though it does not have a nucleotide-binding sequence [39] . Knockout studies of sbmA have shown that E. coli cells confer increased resistance to MccB17 [34] and MccJ25 [22] . Mutagenesis studies of the MccJ25 microcin have identified that the H5A mutation is essential for recognition by SbmA [40] ; the H5A mutant is capable of inhibiting RNA polymerase function and it is only required for transport by SbmA. SbmA is a promiscuous transporter since it can internalize structurally unrelated microcins; it is involved in the uptake of bleomycin, a nonpeptide antibiotic with a thiazole backbone ring [4] . SbmA could require heterocycles for recognition and internalization [4] . It has also been shown that SbmA is also capable of transporting the proline-rich antimicrobial peptide Bac7 [41] .
Conclusion
Bacterial membranes act as defensive barriers to protect the cells from harmful and toxic compounds. Microcins have evolved to penetrate these defence mechanisms by hijacking membrane proteins for internalization and inhibition of vital enzymes of the target bacteria. The structure of MccJ25 allows it to use the ferrichrome receptor FhuA, whereas MccB17 uses the general porin OmpF for internalization. Inside the cell, both microcins use the same inner-membrane protein, SbmA, for internalization in the cytoplasm. Despite the extensive in vivo and in vitro studies, there is no structural information to explain how these microcins hijack the membrane proteins or bind their target proteins. 
